Introduction: The ability to close space efficiently in orthodontic tooth movement is of major clinical importance. Elastomeric chains are extensively used as tooth moving mechanism in orthodontics. The objective of this study was to evaluate the dynamic force delivery and damping behaviour of different brands of elastomeric chains using Dynamic Mechanical Analysis. 07-07-2015 This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike 3.0 License, which allows others to remix, tweak, and build upon the work non-commercially, as long as the author is credited and the new creations are licensed under the identical terms.
IntRoductIon
Elastomeric chains were introduced to the dental profession in the 1960s and have become an integral part of many orthodontic practices. [1] Placement and removal of chain elastics require little chair time for the clinician and minimal patient cooperation during application, and the material is relatively compatible with the mucosa. These factors have contributed to a high degree of professional acceptance of chain elastics in orthodontics. A disadvantage of chain elastics is that they deteriorate rapidly in the oral environment and consequently do not produce the continuous forces most effective for tooth movement. [2] Despite the widespread use of elastomeric chains in clinical practice, there are relatively few studies describing their characteristics and behavior. [3] The synthetic elastomeric chain is inexpensive, hygienic, and easily manipulated, and requires little or no patient cooperation. Clinically, it is used mainly to control tooth rotation and space closure. [4] However, it absorbs saliva, stains, and deforms permanently after it is stretched in the oral cavity. [5] Furthermore, it loses its force rapidly because of stress relaxation and can result in a less desirable force value to conduct tooth movement. [6, 7] Previous studies have shown that it might lose 50-70% of its initial force during the first day of load application and 10% more by 3 weeks, and retain only 30-40% of the original force after 4 weeks. [8] Another method that has been suggested to reduce force decay is to prestretch the elastomeric chain before it is stretched with tension on teeth. Many studies have reported on prestretching, but their results are inconclusive. [9] [10] [11] However, it is difficult for the clinicians to control the forces delivered by elastomeric chains, and there is insufficient information available for the clinicians to know whether which elastomeric chain brand is superior to another.
Dynamic mechanical analysis (DMA) is used to examine the viscoelastic nature of polymers. It can test any material exhibiting viscoelastic behavior. [12] Previous studies have shown that different brands of elastomeric chains can have different force delivery, force decay, and glass transition temperatures. [1, 13] However, no studies have used DMA testing to evaluate viscoelastic properties of elastomeric chains. Hence, the objective of this study was to compare viscoelastic properties of different brands of elastomeric chains using DMA testing.
MateRIals and Methods
Five types of clear elastomeric chains were taken from the different manufacturers.
• GAC International (Sunburst ™ Power Chain)
All power chain samples were nonexpired, visually defect free, closed link, and die-cut that came in spool form.
Standardization of length
The specimens were attached to the fixtures and slightly stretched to a "just taut" condition. Zero position defined as 28 mm between 2 flat areas on test fixtures measured with a ruler, and care taken not to rotate the fixtures with respect to one another. This position allowed every specimen to be taut but not overly stretched. In this investigation, a distance of 28 mm was selected to simulate canine retraction, representing an average distance from the midpoint of the canine crown to the buccal groove of the first permanent molar. Custom test fixtures were designed and manufactured to hold the elastomeric chains during testing. The power chain specimens to be tested were a total of seven links -three center links between the machine text fixtures, two links on test fixtures, and two links to aid in installing on test fixtures. The following dimensions of power chain specimens were measured with a digital vernier caliper accurate to 0.02 mm [ Figure 1 ].
• Thickness at each of the 3 center links • Distance between the outer edges of the 5 center holes • Outside diameter of each of the center link • Inside diameter of the center link.
The DMA tests were controlled by the Win-Test software (version 4.0, Bose Corporation). It was equipped with a 450 N load cell and digital controls, and its displacement range was ±5 mm. The testing was done at room temperature in laboratory air. This was not expected to dramatically affect elastomeric chains versus mouth temperature since their glass transition temperature is significantly lower than room temperature. To perform a DMA test, a sinusoidal load is applied to a specimen at a defined amplitude and frequency, and the response is measured. [12] Purely elastic materials produce a load responding immediately to an applied displacement, while viscoelastic materials do not. All DMA tests in this study were performed under displacement control between 3.0 and 4.0 mm at the eight defined frequencies (0.125, 0.25, 0.5, 1.0, 2.0, 4.0, 8.0, and 16.0 Hz) in immediate succession from lowest to highest. These frequencies were chosen to represent more than 2 full logarithmic decades that include the range of human chewing frequencies. [14] The software determined the optimal data acquisition rate needed to perform DMA calculations using Fourier transforms. Based on raw data recorded for each DMA test, the software created a summary of calculated DMA parameters for each frequency . All data were plotted and reviewed for errors. The DMA summary data will be obtained for each DMA test that includes K* (dynamic stiffness), K' (storage stiffness), K" (loss stiffness), Tan δ, and damping. These variables describe the viscoelastic behavior rather than force decay, and Tan δ is dimensionless. [15] 
Results
Mean, standard deviation, and statistical significance for comparisons of the length, thickness, inside diameter, and outside diameter of five brands of clear elastomeric chains are shown in Table 1 . ANOVA was used to analyze the four-dimensional variables showing 3M had the shortest specimens, and GAC had the longest specimens. The RMO chains were the thinnest and GAC were the thicker elastomeric chains. The five DMA variables (K*, K', K", Tan δ, and C) were analyzed using repeated-measures. ANOVA shown in Tables 2-6 which shows that GAC brand had higher dynamic, storage, and loss stiffness values. GAC brand shows higher damping values at lower frequencies.
Frequency was considered as the repeated factor since each specimen was tested at eight different frequencies. Post-hoc tests compared all frequencies for each brand. Significance was set at 0.05.
dIscussIon
The ability to close space efficiently in orthodontic tooth movement is of major clinical importance. Forces needed to achieve space closure can be obtained by a number of techniques, including coil and retraction springs, closing loop arch wires, magnets, and elastomeric chains. Each of these techniques has associated problems. Coil springs are difficult to keep clean. Retraction springs and closing loop arch wires can impinge on the patient's gingival and irritate the mucosa. Magnets are often bulky, expensive, and difficult to keep clean, whereas elastomeric chains are economical, easy to use, relatively hygienic, and comfortable for the patient. They also allow patient involvement through their choice of colors. Unfortunately, the forces delivered by elastomeric chains are not constant and degrade over time. [3] The force required to achieve physiologic tooth movement is the subject of some controversy, but it is generally agreed that light continuous forces are optimal. Elastomeric modules can be distracted or extended to deliver light forces, but the degree of distraction required to deliver a force compatible with physiologically sound tooth movement is still not completely characterized. There has been an extensive investigation into the properties of elastomeric chains including studies concerning force delivery and degradation properties, the effects of prestretching chains, and the influence of a changing environment or composition. [4] Previous work has assessed the force decay characteristics of many commercially available elastomeric materials, primarily measuring force decay relative to time. [2] Previous studies on force delivery and force decay of elastomeric chains have shown that these physical properties can be affected by manufacturing factors. [1, 13] Materials exhibiting characteristics that are both solid and fluid-like are categorized as viscoelastic materials. [16] Viscoelastic materials possess the time-dependent or rate sensitive stress-strain relationships. In other words, stress-strain relationship changes as the loading speed (or strain rate) changes. For viscoelastic materials, their stress-strain relationships follow neither the Hook's deformation nor Newton's flow pattern alone. A combined Hook's and Newton method is often used to evaluate these combined solid/fluid-like characteristics. Such a method is the main subject of viscoelasticity. Viscoelastic behavior of the elastomeric chain is evaluated very often by the method such as stress relaxation curves, but such types of tests provide only partial information about that material. Hence, a new approach is needed such that viscoelastic properties of the materials can be evaluated quickly and completely. [17, 18] With the DMA, where a series of sinusoidal strain with a wide range of frequencies is applied to the material, and the stress response is measured at the each frequency. Because of the viscoelastic nature, two stress components (one in the phase with the applied strain and the other out of phase) are obtained at each frequency. By the ratio of stress to the strain at each frequency, two measurements, one in the phase and the other out of phase, are calculated. The two moduli so calculated are called as complex modulus with the in-phase modulus (storage modulus) being its real part defines the elastic property of the material and the out-phase modulus (loss modulus), its imaginary part governs the viscous property of the material, and it also provides the measurements for energy dissipation and damping. [18] The results of this DMA study show that there are clearly differences in initial dynamic force delivery and damping behavior of five different brands of elastomeric chains. Table   Table 5 1 shows the mean length of the specimens ranged from 11.94 mm (3M) to 13.23 mm (GAC). The length of RMO (12.23 mm) lies between GAC and 3M. The lengths for GAC products had notably higher standard deviations than the lengths for the 3M and RMO products. But no statistically significant differences were found between GAC and ORMCO, ORMCO and LIBRAL (P > 0.05).
Mean thickness ranged from 0.63 mm (RMO) to 0.71 mm (GAC clear). Mean inside diameters ranged from 1.02 mm (3M) to 1.35 mm (RMO). There were highly statistically significant difference between 3M and RMO. Mean outside diameters ranged from 2.44 mm (3M) to 2.86 mm (GAC). Unlike the GAC, ORMCO, 3M, the LIBRAL and RMO chains had no significant differences in outside diameter. When closing interdental spaces with elastomeric chains, bodily tooth movements are usually preferred over tipping movements. Bodily tooth movements require approximately 70-120 g of force, while tipping movements require only 35-60 g of force.
This observation suggests that force differences as low as 10 g, or approximately 0.10 N, could have clinical significance.
In this study, we found more than 0.10 N/mm differences in K' at all frequencies. This result suggests that the different chains could produce different clinical results depending on the length of stretching under some circumstances and elastic chains containing more material will naturally deliver higher initial forces. Therefore, clinicians should consider monitoring the lengths and thicknesses of elastomeric chains used in their offices; these differences in specimen dimensions should also account for some observed differences in structural DMA properties. Tables 2 and 3 show the dynamic stiffness and loss stiffness values at different frequencies which indicates that GAC brand had significantly higher dynamic stiffness and loss stiffness than the 3M, RMO, ORMCO, and LIBRAL products at every frequency. As the frequency increases from 0.125 to 16 Hz, the dynamic and loss stiffness value of GAC also goes on increasing. Table 4 shows the storage stiffness values at different frequencies which indicate that GAC brand had significantly higher storage stiffness than the 3M, RMO, ORMCO, and LIBRAL products at every frequency. Hence, this difference in dynamic stiffness, storage stiffness, and loss stiffness may be due to the amorphous nature of elastomers, as they are cross-linked polymers that have number of bridges between the linear molecules that form a three-dimensional network which at rest tend to be distributed at random, irregular pattern of folded linear molecular chain which are held together by van der Waal forces (secondary bonds). [1] Furthermore, elastomeric chain undergoes stress relaxation (degradation), which is a decrease in the magnitude of force transmitted while held at a fix strain. This relaxation is in part due to rearrangement within the polymer structure. Eliades et al. [19] state that the mechanism of permanent deformation of polymeric materials includes molecular chain stretching, slippage between adjacent molecular chains. During stretching, the material is subject to an instantaneous elastic deformation. As the load is maintained, there is retarded elastic deformation, as well as an irreversible viscous deformation, producing permanent elongation (depending on the load). During unloading, the instantaneous elastic strain is immediately recovered, followed by a decay of the retarded elastic strain.
Hence, it is clinically desirable to have precise control over force levels used to move teeth, and force levels are difficult to control with current elastomeric chains, which undergo substantial force decay over time. If elastomeric chains did not experience force decay, tooth movements could be made more predictably, and patients could potentially make less frequent visits to the orthodontist to replace their elastomeric chains. Presumably, elastomeric chains with more viscous character will experience more force decay over time than elastomeric chains having more elastic character. [15] Studying the viscoelastic properties of elastomeric chains could help manufacturers develop elastomeric chains with less viscous characteristics and less force decay. As we used short clear elastomeric chains from different manufacturers, force values showed a significant difference, that is, dynamic force delivery produced by elastomeric chains, implying the effects of compositional differences. By knowing the percentage of initial force that a particular company's power chain can maintain helps the clinician determine what initial stretching and force levels to apply for tooth movement. Table 5 shows that Tan δ values ranged from 0.109 (3M) to 0.199 (ORMCO) overall the tested frequencies. Overall, there were multiple significant differences in Tan δ among the chain brands with no general consistency across frequencies. However, at frequencies of 2.0 Hz and lower, the GAC products have the highest Tan δ but at frequencies of 4 Hz and more, ORMCO have the highest Tan δ. Table 6 shows the damping values that are related to loss stiffness and frequency. There were no significant brand differences at frequencies higher than 1.0 Hz. However, at lower frequencies, GAC brand had significantly higher damping. Further damping properties of materials measured in DMA gives a more clear picture of residual forces present in elastomeric chains. The results of this DMA study show that manufacturing factors likely combine to affect the dynamic force delivery, viscoelastic properties, and damping behavior of elastomeric chains. Further investigations are needed to isolate the effects of individual manufacturing factors and to determine how the dynamic force delivery, viscoelastic properties, and damping behavior of elastomeric chains relate to tooth movement. Light, continuous force application is desirable in clinical orthodontics because it results in more efficient tooth movement and less frequent reactivation appointments. This is difficult to achieve with elastomeric chains that experience substantial force decay over time. Studying the viscoelastic properties of elastomeric chains could help manufacturers develop elastomeric chains with less viscous characteristics and less force decay.
conclusIon
• There were significant differences in measured dimensions across the five brands. 3M had the shortest specimens, and GAC had the longest specimens. The RMO chains were the thinnest and GAC were the thicker elastomeric chains. The GAC brand had significant differences in measured dimensions. These differences likely contributed to the observed differences in dynamic force delivery and viscoelastic properties. As GAC chains are thicker than other brands, it will naturally deliver higher initial forces • GAC brand had significantly higher dynamic stiffness, loss stiffness, and storage stiffness than the 3M, RMO, ORMCO, and LIBRAL products at every frequency. In this study, we found more than 0.10 N/mm differences in K' at all frequencies. As the length of GAC brand is more as compared to other brands, we observed an increase in storage modulus, that is, K' for GAC brand. Therefore, clinicians should consider monitoring the lengths and thicknesses of elastomeric chains used in their offices • Damping properties of materials measured by Tan δ in DMA gives a clearer picture of residual forces present in elastomeric chains. At frequencies of 2.0 Hz and lower, the GAC products have the highest Tan δ means that force decay is less in GAC brand at lower frequencies and force decay is more at higher frequencies. At frequencies of 4 Hz and more, ORMCO have the highest Tan δ values, and LIBRAL have the higher damping values • A significant difference in force values between the different manufacturers implied compositional and manufacturing differences. By knowing the percentage of the initial force that a particular company's power chain can maintain helps the clinician determine what initial stretching and force levels to apply for tooth movement.
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